The paper presents the design of a hybrid controller used to control the movement of a ship in different operating modes, thereby improving the performance of basic maneuvers. This task requires integrating several operating modes, such as maneuvering the ship at low speeds, steering the ship at different speeds in the course or along the trajectory, and stopping the ship on the route. These modes are executed by five component controllers switched on and off by the supervisor depending on the type of operation performed. The desired route, containing the coordinates of waypoints and tasks performed along consecutive segments of the reference trajectory, is obtained by the supervisory system from the system operator. The former supports switching between component controllers and provides them with new set-points after each change in the reference trajectory segment, thereby ensuring stable operation of the entire hybrid switching controller. The study also presents designs of all controller components, which are done using a complex mathematical model of the selected ship, after its simplification depending on the type of controller. The developed control system was tested on the training ship Blue Lady and used to train captains at the Ship Handling Research and Training Center near Iława in Poland. The conducted research involved an automatic movement of the ship from one port to another. The performed transit route required the ship to leave the port, pass the water area, and berth at the port of destination. The study revealed good quality of the designed hybrid controller.
Introduction
Constantly increasing traffic on highways, in the air, and on the sea forces the need to search for new control algorithms enhancing safety, improving throughput, and reducing the latency of motion. In waterborne navigation, safety improvement is particularly important in increasingly crowded harbor passages and areas of constrictions on the sea. The target solution here seems to create a general ship traffic management system for all of these areas. The controller unit, situated on land, would plan the whole scenario of ships' movement within the controlled area, including the interaction between advanced autopilots installed on each ship. Such a system would be based on modern technologies, such as the global positioning system (GPS), digital maps of the sea, faster and more powerful computers, and larger numbers of better actuators (Godhavn et al., 1996) . The implementation of this system would require, at first, developing a hybrid autopilot, to be installed on each ship sailing in the area. The onboard hybrid controller should be able to control the ship movement in various operating modes, from automatically maintaining the position in different weather conditions to maneuvering at high speeds. The route of the ship is usually adjusted using the so-called waypoints (Fossen, 2011) . When defining these, we take into account characteristics such as weather conditions, obstacle avoidance, and mission planning (Lisowski, 2013) .
The hybrid controller applied combines a number of simple controls in one system, with further switching between them by an automatic mechanism. Its design is based on well-known linear and nonlinear models which describe the dynamics of the process depending on the operating conditions. However, the use of a larger number of controller components and the resultant need to switch between them may lead to an instability of the entire control system. This problem is solved by introducing supervisory switching control (SSC), 64 M. Tomera described by Hespanha (2001) . The supervisory control strategy developed by that author assumes switching between linear and nonlinear controllers, depending on their operating conditions, with the aid of specially designed discrete logic which guarantees the stability of the entire system. Systems equipped with supervisory control switches can be connected with hybrid systems, as they consist of many continuous controllers and the discrete logic which enables switching between different controllers.
Hybrid systems are reactive systems in which both continuous and discrete states occur. The hybrid control system may be a switching circuit, the dynamic behavior of which is described by a finite number of dynamic models.
These models usually comprise a set of differential or finite difference equations, complemented with a set of rules for switching between them. The switching rules are described by logical expressions, or by a discrete event system (DES) with a finite state machine, or by a Petri net. As a consequence, hybrid control systems contain two different types of subsystems. The first one reveals continuous dynamics, while the other has the dynamics of discrete events that interact with each other (Antsaklis and Nerode, 1989) . These types of control are needed in some critical operating conditions when the controlled system is started or stopped, or changes the main planned operating modes. There is a common opinion that a single controller, designed to be used for each operating condition, would reduce the achievable quality and cause unpredictable behavior affecting the safety of operations performed in certain most critical areas (Balbis et al., 2007) . The group of hybrid control systems includes a special class of switched systems, where each system comprises a collection of subsystems with a switching rule which specifies switching between them. Hybrid and switched control systems are now a very active area of research, especially in automotive industry (Lygeros et al., 1996; Kurt and Özgüner, 2013; Salehi et al., 2014; Taghavipour et al., 2015) , aerospace industry (Pritchett et al., 2001; Kamgarpour et al., 2011) and many other domains (Xiang et al., 2010; Yang et al., 2012; Zhang et al., 2016) .
In marine applications, hybrid control systems are most often used in dynamic ship positioning systems which have the ability to automatically switch between different controllers. Smogeli et al. (2004) proposed a hybrid thruster controller in dynamic positioning (DP) arrangement to control the thruster torque and estimate the torque loss at medium and high environmental disturbances caused by the action of wind, waves, and ocean currents.
The structure of the system with several continuous controllers and observers connected with them in pairs, based on the work of Hespanha (2001) , was proposed by Nguyen et al. (2007) for hybrid steering in dynamic ship positioning. A supervisory switch controller was developed for dynamic positioning of the ship when the state of the sea changed from calm to extreme. The scope of correct operation of a single DP system was broadened by switching between different observer-controller pairs in response to the changing sea state. This solution was also used by Nguyen and Sorensen (2009) to maintain a constant position of the mooring ship. Moreover, an identical methodology (Nguyen et al., 2007) , consisting in linking continuous controllers and observers in pairs, was used by the same authors in hybrid control which combined dynamic positioning, maneuvering and transit, as well as operations involving ship passing from transit to station keeping mode, as described by Nguyen et al. (2008) .
The issue of hybrid control in dynamic ship positioning, discussed by Nguyen et al., (2007) , was also examined by Brodtkorb et al., (2014) , who used the structure of the hybrid control system described by Goedel et al. (2012) . Their hybrid controller consisted of four component controllers, and switching between them took place when the state of the sea changed from calm to extreme. For this purpose, spectral frequency analysis of ship movements caused by sea waves was applied. Simulation tests were performed, and the quality of operation of the control system with a hybrid controller was compared with that of a single controller with adaptive wave filtering. Under extreme sea states, the control system with single control became unstable, while hybrid control still retained good control quality. Another application of a hybrid control system for dynamic ship positioning was presented by Tutturen and Skjetne (2015) , who used a single multivariable controller PID in which the integral gain value was changed depending on the sea state.
This paper focuses on controlling the ship motion in different operating modes with the aid of a controller based on hybrid switching control theory. Various types of controllers which had been successfully used onboard ships were analyzed as possible executors of selected operating modes of ship control. This includes PID control systems, linear quadratic optimal control, and state feedback linearization. The reference ship trajectory consists of straight line segments connecting consecutive points of the passage route, with relevant operating modes of the controller assigned to them.
Mathematical model of ship dynamics
The mathematical model of ship dynamics with three degrees of freedom is considered (Fossen, 2011) . The ship motion is described in the inertial frame fixed to the Earth's coordinate system (X N , Y N ), and the other coordinate frame (X B , Y B ) attached to the moving ship (Fig. 1) . The state variables describing the ship motion are [u, v, r] T , where (x, y) are the ship position coordinates, ψ is the ship heading, (u, v) are the linear body fixed velocities (surge, sway), r is the yawing rate (Bańka et al., 2015) .
The Earth-fixed velocity vector defined in the inertial frame is related to the body-fixed velocity vector through the following kinematic relationship (Fossen, 2011) :
where R(ψ) is the rotation matrix, calculated from the formula (Iława, 2016) . The main parameters are shown in Table 1 . This model is equipped with one rudder, one propeller screw, two tunnel thrusters (one at bow and one at stern), and two rotating thrusters (one Table 1 . Main parameters of the training ship Blue Lady for the load condition (Gierusz, 2001 at bow and one at stern). The locations of all installed propellers are shown in Fig. 2 
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M. Tomera four actuators are used, which are the rudder (δ), the main propeller (n 1 ), and two tunnel thrusters: bow (p 2 ) and stern (p 3 ). The complex mathematical model of Blue Lady dynamics (including the modeled actuators) which well reflects real behavior of the training ship, was worked out by Gierusz (2001) . In a general form, the mathematical model of the ship of interest is given by the formula
where M represents the positive definite inertia mass matrix which includes the added mass, C(ν) denotes the Coriolis centripetal matrix, D(ν) is the damping matrix, and τ is the vector of forces and moment acting on the ship.
Kalman filter.
The position coordinates (x, y) are measured by the DGPS (differential global positioning system), while the ship heading ψ is measured by the gyrocompass. These three state variables are collected in the vector η = [x, y, ψ] T . The three remaining state variables, which are to be estimated, are collected in the vector ν = [u, v, r] T . The velocity vector ν expressed in the body-fixed frame (X B , Y B ) can be calculated from velocities determined in the inertial Earth-fixed frame
where u x = dx/dt, v y = dy/dt, r = dψ/dt are the velocities in the inertial frame. The components of the Earth-fixed velocity vector (u x , v y , r) for the training ship Blue Lady were determined using the discrete-time Kalman filter, which was described in detail by Tomera (2010) . Kalman filtering as a tool for state estimation is described more closely by Gelb (1974) or Brown and Hwang (2012) , for instance.
Supervisory switching control
In the supervisory switching control system, two separate main blocks can be named, the supervisor and the bank of controllers. Supervisory switching control is used to control the movement of the ship in a number of operating modes. The block diagram of the integrated circuit is shown in Fig. 3 . The system provides the control of the ship movement in typical operations related to navigating from one port to another. The developed hybrid controller allows controlling four different operations carried out by the ship. These operations are designated by control modes. The direct ship control system contains a set of five controllers, switched depending on the currently conducted control mode. Switching between controllers collected in the bank is performed using the switching signal σ, whose value depends on the selected operating mode. The supervisor operates based on the reference trajectory Γ obtained from the system operator. In the future this trajectory is expected to be obtained from the master ship trajectory planning system. The trajectory contains coordinates of waypoints of the executed ship transit route, with certain operation modes assigned to each trajectory segment. When the ship has to move in low speed maneuvering mode (Mode 1) along a given trajectory segment, the ship course, which is not necessarily compatible with the direction of the ship motion, is also included. If the mode of operation is 'Transit' (Modes 3 or 4), the ship speed on the specified trajectory segment is additionally given. These two modes in the hybrid control system make use of ship surge speed control, denoted as Controller 4. The operations described by Modes 3 and 4 are commonly referred to as 'Transit' operations in the literature.
In the bank of switching controllers, only those which have received the "switch-on" signal are enabled. If the controller is off (not enabled), it is in the idle state and not working. In the enabled controllers the integrators are zeroed after each change in the reference trajectory segment. When the reference trajectory segment is changed, the supervisory system passes new set-points to the inputs of the enabled component controllers.
3.1.
Reference trajectory. The simplest way of steering a ship is to define the trajectory in the form of segments joining successive points of the route (Fig. 4) . Three coordinate systems have been defined to describe the reference trajectory and the ship motion along it. The first system is the coordinate one (X N , Y N ), fixed to the map of the basin (Earth-fixed reference frame). Here, the X N and Y N axes indicate the northern and eastern directions, respectively. Consecutive waypoints (x k , y k ) are defined in this coordinate system. The reference trajectory is a dashed line consisting of successive segments joining N waypoints. For each waypoint, the vector
T is defined which contains the coordinates of the position (x k , y k ) and the course ψ k of the trajectory segment which ends at the next waypoint (x k+1 , y k+1 ). The course angle is the right-hand angle ψ k measured from the X N axis,
Around each waypoint, a circle with radius R k is defined. When the ship reaches this circle, the reference trajectory is switched to the next section of the route. The desired surge ship speed u dk and the desired ship course ψ dk , which are not necessarily consistent with the direction of the executed trajectory segment, can be additionally associated with each stretch of the route. The second path-fixed reference frame (X R , Y R ) is associated with the currently implemented segment of the reference trajectory, the end coordinates of which are (x k , y k ) and (x k+1 , y k+1 ). The origin of the reference system is the starting point of the trajectory segment (x k , y k ), and the X R axis coincides with the segment along which the ship sails. The ship position coordinates
T in the reference system (X R , Y R ) can be easily recalculated from the position coordinates η = [x, y, ψ] T measured in the reference frame (X N , Y N ) according to the formula
wherein ψ k is the angle defined with respect to the X N axis, for the trajectory segment fixed between waypoints p k and p k+1 , while R(ψ k ) is the rotation matrix given by the formula (2). The third body-fixed reference frame (X B , Y B ) is fixed to the hull of the moving ship and used to express linear (u, v) and angular (r) velocities (Fig. 1) . The origin of this system is on the water line, at the point corresponding to the ship's center of gravity.
Low speed maneuvering (Mode 1).
This mode consists in maneuvering the ship at low speeds. It is used to steer the ship in the port, in canals, in access passages to the port, and during dock entering maneuvers. A multivariable precise controller, denoted as Controller 1, is associated with this mode. In this mode, ship steering is carried out using the main propeller (n 1 ) and the tunnel thrusters: bow (p 2 ) and stern (p 3 ). At low speeds the use of the ship's rudder is not very effective. Ship control in this mode consists in moving the ship along trajectory segments connecting two consecutive waypoints, during which ship settings described by the course at the start and end points are additionally taken into account. Here, various ship movements, such as a longitudinal and/or a transverse movement, a movement at a certain angle, and ship rotation around its axis by a specified angle, are possible.
3.3.
Stop-on-track (Mode 2). The stop-on-track maneuver (Mode 2) is executed by the ship in accessing passages to a port or to narrow passages, and is related with switching both from the track-keeping (Mode 3) or from the course-keeping (Mode 4) to low-speed maneuvering (Mode 1). In this mode, ship stopping is done using the main propeller (n 1 ) and the tunnel thrusters: bow (p 2 ) and stern (p 3 ). The stopping maneuver is performed on the stretch of the road known as the braking distance L stop , whose length depends on the surge speed of the ship at the beginning of the maneuver. The relation between the braking distance L stop and the surge speed of the ship was determined in experimental research on a real plant. The measured values were used to determine curves approximating the measured points, based on the formula
where u is the surge velocity of the ship, while a stop and b stop are the coefficients of the straight line approximating the measured ship braking distances. The ship is assumed to stop when the surge speed u drops below a given level u stop (u < u stop ). Ship stopping on the trajectory allows the control system to switch from Modes 3 or 4 to 1.
Track-keeping (Mode 3).
This mode consists in controlling the ship movement at a desired speed along the reference trajectory, composed of segments joining successive waypoints. Two controllers: the track-keeping one (Controller 3) and the surge speed one (Controller 4) are associated with this mode. The task of the former is to determine the rudder deflection angle (δ) and to minimize the lateral deviation (e y ) from the executed reference trajectory segment. The task of the latter is to control the revolutions of the main propulsion screw (n 1 ) and maintain the desired surge speed (u d ). The lateral deviation of the ship position from the reference trajectory e y is calculated using the following formula:
where (x k , y k ) are the coordinates of the starting point of the executed trajectory segment and (x, y) are the coordinates of the current position of the ship.
Once the ship has passed the trajectory segment connecting points p k and p k+1 , a mechanism for automatically selecting the next segment of the route is needed. Point p k+1 has the coordinates (x k+1 , y k+1 ), and the circle of radius R k+1 is defined around this point. If the ship position (x, y) at time t satisfies the condition
then this mechanism should switch the reference trajectory to the next section of the route connecting points p k+1 and p k+2 . The length of the above radius is usually assumed to be equal to two ship lengths: R k+1 = 2L OA . 
Course-keeping (Mode 4)
. This mode consists in controlling the ship movement at a desired speed and course, and is typical for the ship steering on open waters with no natural constraints on the ship movement, such as very narrow passages or lands. Two direct controllers, the surge speed one (Controller 4) and the course-keeping one (Controller 5), are associated with this mode. The task of the latter is to calculate the commanded rudder angle (δ c ), while the former controls revolutions of the main propulsion screw (n 1c ). The desired ship course ψ los for the course-keeping controller is calculated from
where (x los , y los ) are the coordinates of the reference trajectory point situated at the distance L los in front of the moving ship and (x, y) are the ship position coordinates (Fig. 4) . The coordinates (x los , y los ) are moved along the reference trajectory segment until they reach the location of the next waypoint (x k+1 , y k+1 ). Then they are kept fixed at this point until the ship gets inside the radius R k+1 (9). After switching to the next trajectory segment, the point (x los , y los ) starts again to move at the distance L los in front of the moving ship, until the next waypoint (x k+2 , y k+2 ) is reached. This principle has been adopted for the ship to sail directly at the next waypoint in the final phase of sailing along the reference trajectory segment.
3.6.
Structure of the supervisory system. The structure of the supervisory system is shown in Fig. 5 as a directed graph in which the nodes represent operating modes of the hybrid controller. Each operating mode is associated with a discrete state of the supervisory system, labeled as S1, S2, S3, S4. The ship operation modes are associated with the discrete states of the supervisory controller in the following way: Mode 1 is S1, Mode 2 is S2, Mode 3 is S3, and Mode 4 is S4. The labeled arcs representing possible switches between the operating modes in the hybrid controller are denoted as E1, E3, E4.
Supervisory controller states are changed when the operation performed by the ship is changed, which involves switching between component controllers. Below are described possible switches between hybrid controller operation modes, which are the discrete states of the supervisory system.
• E1 means changing the operating mode to low speed maneuvering (Mode 1). This switching is possible when changing from both track-keeping control (Mode 3) and course-keeping control (Mode 4). This change of modes requires stopping the ship on the route (Mode 2). The stop-on-track maneuver is started in advance, at the distance L stop from another waypoint, from which the ship motion is going to be controlled in Mode 1. The maneuver of stopping the ship along the distance L stop is executed in Mode 2. Then, switching from Mode 2 to Mode 1 is done automatically after reducing the ship surge speed u below some limit u stop (u < u stop ).
• E3 means changing the operating mode to track-keeping control (Mode 3). Such switching is possible from both low speed maneuvering (Mode 1) and course-keeping control (Mode 4).
• E4 means changing the operating mode to course-keeping control (Mode 4). Such switching is possible from both low speed maneuvering (Mode 1) and track-keeping control (Mode 3).
The operation of the supervisory controller can be initialized from Modes 1, 3, or 4.
Switching controller design
The component controllers allow executing the operating modes of the ship motion described in Section 3. In the direct control system, all switching controllers use a Kalman filter to determine the unmeasured linear (u, v) and angular r velocities of the ship motion and to filter the measurement noise in the measured ship position coordinates (x, y) and the ship heading ψ.
Multivariable precision controller (Controller 1).
This controller has been described in detail by Tomera (2014) . It is designed to control the movement of the ship at low speeds and is based on a simplified mathematical model of the ship, obtained from Eqn. (3), described using the following formula (Fossen, 2011) :
The matrix M contains inertia parameters of the rigid body, its dimensions, weight, weight distribution, volume, etc., and the added mass coefficients,
The linear damping matrix D L relates to hydrodynamic damping forces and is determined for a small and constant surge speed ν = ν 0 = [u 0 , 0, 0] T (Fossen, 2011) ,
For the multivariable precision controller, the aim of control is to track the desired smooth trajectory (η
) defined by the ship guidance system in the path-fixed reference frame (X R , Y R ). The coordinates of the destination point to which the ship moves along a given trajectory segment are calculated in the reference frame (X R , Y R ) using the following formula:
where
T are the desired ship position vectors at the initial point (P ) and the final point (K), expressed in the Earth-fixed reference frame (X N , Y N ), R is the rotation matrix given by the formula (2), and ψ P is the desired ship course at the initial point of the trajectory segment.
The desired coordinates of the position η r d (t), the speeds of movementη r d (t), and the accelerationη r d (t) of the ship moving from the initial point (P ) to the final point (K) are calculated in the reference system shown in Fig. 6 . The reference model was chosen as a second-order one with diagonal design matrices of relative damping ratios Z = diag{ζ 1 , ζ 2 , ζ 3 } and natural frequencies Ω n = diag {ω n1 , ω n2 , ω n3 } and η The control system calculates deviations from the desired values. The position error η r e is calculated in the path-fixed reference frame (X R , Y R ) associated with the executed reference trajectory segment, while the deviations in the velocity ν e and the accelerationν e are calculated in the body-fixed frame (X B , Y B ) attached to the moving ship,
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The position vector η = [x, y, ψ] T of the ship, which is measured in the Earth-fixed reference frame (X N , Y N ) , is transformed to the path-fixed frame (X R , Y R ) in the following way:
while the desired velocitiesη 
Here R is the rotation matrix determined from Eqn. (2) and the matrix S has the following form:
The deviations from the desired values are minimized by the control system having the forṁ
The multivariable precision controller was designed using the state feedback linearization method. The final form of the control algorithm of the multivariable precision controller is
The predetermined vector of moments acting on the ship hull is composed of three components
T , which need to be generated by the thrusters installed on the ship. In this case, the control is carried out in three degrees of freedom using three thrusters; therefore, there is no need to develop an 1 s 1 s 2 n : : additional allocation algorithm for the thrusters, and it is sufficient only to invert the matrix of thruster locations, ⎡
where L 2 and L 3 are the distances of the tunnel thrusters from the geometric center of the ship.
After allocating relevant forces to particular propellers, the commanded inputs for the main propeller (n 1c ) and tunnel thrusters (p 2c , p 3c ) are as follows:
where X n and Y p are the determined coefficients of linearized forces generated by the main propeller (F 1 ) and tunnel thrusters: bow (F 2 ) and stern (F 3 ).
Multivariable low speed controller (Controller 2).
This controller is used in the hybrid controller to stop the ship at the set trajectory. Its task is to control the ship motion at low speeds, when the operation of the rudder (δ) is not efficient. The design of a multivariable low speed controller is based on the mathematical model of the ship described by Eqn. (3), in which the matrix M is expressed by the formula (12). The Coriolis-centripetal matrix C, which includes hydrodynamic Coriolis and centripetal terms connected with the fluid in which the ship moves, has the form (Fossen, 2011) 
where c 13 = −m(x G r + v) + Yvv + Yṙr. The damping matrix D(ν), which relates to hydrodynamic damping forces and makes it possible to determine these forces at high speeds, has the form (Fossen, 2011) 
The task of Controller 2 is to track the desired smooth trajectory (ν d (t),ν d (t)) determined by the reference model whose block diagram is shown in Fig. 7 . The reference model is simply chosen as a first-order one with time constants T = diag{T 1 , T 2 , T 3 } and Fig. 7 . Reference model which generates desired commands for the multivariable low speed controller.
[
T as the commanded input vector. The control system calculates the deviations from the desired values,
These deviations are minimized using the algorithm in the formν
The multivariable low speed controller was designed using the state feedback linearization method, and the final formula describing the operating algorithm has the form
The resultant vector of desired forces and moment τ c is distributed into the thrusters applied: the propeller and the tunnel one in the same way as for the multivariable precision controller, see Section 4.1.
Track-keeping controller (Controller 3).
The ship motion along the desired route is controlled using the state controller designed on the basis of the linearized mathematical model of the process. For purposes of track-keeping controller design, the ship dynamics represented by the formula (3) were simplified by assuming a constant surge speed of the ship, u = u 0 ≈ constant, while the speeds v and r were assumed to take small values. Surge dynamics were separated from the above model, under the assumption of port/starboard symmetry. The surge force was linearized to the form τ X = X n n 1 . The forces acting on the ship hull depend linearly, as a rule, on the rudder angle δ according to the relations
and the yaw-sway dynamics, obtained from linearization of the equations of motion (3). This allows obtaining the model of Davidson and Schiff (1946) ,
where ν 1 = [v, r] T is the state vector, δ is the rudder angle, and the matrices M 1 , N (u 0 ) and B in Eqn. (36) are defined as (Fossen, 2011 )
The track-keeping controller was designed using the method described by Holzhüter (1990) and has the form
Here ψ is the ship heading and ψ k is the course resulting from the execution of the current trajectory segment. Furthermore, y r I is the integral of lateral deviation from the ship's reference route y r , designated as follows:
Surge speed controller (Controller 4). The training ship
Blue Lady is equipped with a single propeller with varying rotational speed. Characteristics describing the relation between the rotational speed of the propeller n 1 and the steady-state surge speed u of the ship in a straight trajectory segment (v ≈ 0) were determined using the path-keeping controller described in Section 4.3. In the experiment the rotational speed of the propeller n 1c was set manually, while the steering along the trajectory was done automatically using the path-keeping controller. These experiments were carried out on the lake in the presence of a wind, which changed its force and direction. The measured values were approximated using the least-squares method, having the following analytical form:
The calculated approximation (44) is correct for the positive surge velocity and the ship movement along the linear reference route segment. The surge speed controller design does not contain any filter for the reference signal; the only introduced constraint says that the desired surge speed of the ship movement is not higher than the maximum u d < u max . For this purpose the PI controller was applied in the following form (Breivik et al., 2008) :
where u d is the desired surge speed and e u is the speed
Course-keeping controller (Controller 5).
The ship motion on the course is controlled using a linear PID controller described by
where δ c is the commanded rudder angle, e ψ is the course error (e ψ = ψ d − ψ), ψ d is the desired course (10), ψ is the measured course of the ship, and r ψ is the course error derivative (r ψ =ė ψ ). The course-keeping controller (46) was designed based on the first Nomoto model (Nomoto et al., 1957) obtained from the linearized model of ship dynamics proposed by Davidson and Schiff (1946) and given by the formula (36), following removing the sway speed v from these equations and further simplification, after which the first Nomoto model takes the form
Here K is the static yaw rate gain and T is the effective yaw rate time constant. Since the yaw rate is actually the time derivative of the ship heading angleψ = r, the model can be written in the time domain as
The parameters of the linear PID controller were selected using the pole placement method and the Nomoto model of the ship (48), described in detail by Fossen (2011) .
Experimental results
In order to check the correctness of the operation of the system shown in Fig. 3 , both simulation studies and experimental research were conducted. The experimental studies were carried out on the training ship Blue Lady at the Ship Handling Research and Training Center on the lake Silm in Iława/Kamionka, Poland (Iława, 2016) . The entire control system shown in Fig. 3 was modeled in the computing environment Matlab/Simulink. The supervisory controller, the switchable direct controller set, the discrete Kalman filter, and the allocation system of thrusters, as well as the complex mathematical model of Blue Lady dynamics, were written in the form of S-functions in the Matlab code. The simulation studies carried out in this system consisted in maneuvering the ship along different reference trajectories and using different sequences of switching of particular components of the hybrid controller. The next step was translation of all S-functions from Matlab to C and their compilation to C-MEX files, to enable activating the designed hybrid control system on real plants.
After conducting the simulation tests and making sure that the designed hybrid control system works properly, the next step was to verify these results on a real object. For this purpose, the control and measurement system worked out at the Department of Ship Automation in Gdynia Maritime University was used (Pomirski et al., 2012) .
To assess the quality of the operation of the designed hybrid control system, a sample ship route recorded on the real plant is shown in Fig. 8 . The lake Silm, where the operation of the hybrid switching controller was tested using the physical model of the ship Blue Lady, is prepared to train captains, and that is why it is equipped with various types of very narrow passages and quays. In particular, a large number of these structures is located in the bay shown in the bottom left corner of Fig. 8 . The analyzed ship route consists of 10 waypoints. The beginning of the registered transit route is placed in the top right corner from which the ship sails out. After crossing the lake, the ship reaches the quay Mike (waypoint 10), situated in the port. In order to guide the ship along the route shown in Fig. 8 , a sequence of switching modes given in Table 2 was executed by the supervisory controller.
Below are described in detail the operations performed by the ship in order to sail along the trajectory shown in Fig. 8 and listed in Table 2 .
Mode 4 (S4). First, the ship sails through the area with no navigation obstacles. Hence, the supervisory controller is switched to Mode 4, associated with the surge speed controller (Controller 4) and the course-keeping one (Controller 5), cooperating with each other. The purpose of the latter controller is to control the ship's rudder angle (δ), while the former one controls the rotational speed of the main propeller (n 1 ). The desired course (ψ d ) for the course-keeping controller is determined by the Table 2 . Sequence of modes executed by the supervisory controller ( line-of-sight (LOS) rule given by the formula (10) . The desired surge speed of the ship motion is u d = 0.8 (m/s).
Mode 3 (S3).
After reaching the waypoint 2, the supervisory controller changes the operating mode to Mode 3, associated with the track-keeping one (Controller 3) and the surge speed controller (Controller 4), cooperating with each other. The ship enters the area with constraints in the form of very narrow passages, therefore it is important to accurately steer the ship along the trajectory, taking into account these constraints. This mode (Mode 3) is active along part of the reference trajectory between the waypoints 2 and 6. The desired surge speed for the trajectory segments between the waypoints 2 and 4 is u d = 0.8 (m/s), while for the segments between waypoints 4 to 6 it is reduced to u d = 0.5 (m/s). This surge speed decrease results from the fact that the ship is being prepared to perform the maneuver of entry to the port.
Mode 2 (S2). At a distance corresponding to the breaking distance L stop before the waypoint 6 the supervisory controller switches to Mode 2. The precise length of the distance at which this switching takes place depends on the surge speed of the moving ship and is calculated from the formula (7). Switching to the next mode occurs when the surge speed drops below a certain limit u < u stop (u stop =0.01 (m/s)).
Mode 1 (S1). Mode 1 is related to the multivariable precision controller (Controller 1). Stopping the ship does not occur exactly at the target waypoint 6 in this case, but at a short distance from it. Therefore, the ship is first moved to the waypoint 6 and positioned at the desired
T ). In this operating mode (S1), the ship is moved from the waypoint 6 to the waypoint 10 ( Fig. 9) . Having reached the point 8 the ship is stopped, and then rotated by 180 o to reach the angle specified by the reference trajectory segment between the points 8 and 9. After reaching the point 9 it executes the movement to the port side and stops at the quay Mike (waypoint 10). 
Conclusions
The developed hybrid control system fulfills well its task, which consists in steering a ship sailing along the set passage route, from the starting point to the end point, and performing various operations on its way. For this purpose, the hybrid controller makes use of a number of switching component controllers and the information stored in the reference trajectory. In the present version, the trajectory is introduced by the system operator and contains coordinates of waypoints, surge velocity u d , and operating modes (S) attributed to particular segments between successive waypoints. Conventional PID controllers were used in a bank of switching controllers. The research program also included examining the effect of replacement of those controllers by nonlinear units, based on the theory of sliding mode control (SMC) and fuzzy logic (FL), as well as by radial neural networks (RBFs). Unfortunately, in our opinion their application did not bring about a satisfactory improvement in the control quality of the developed hybrid controller, and therefore they were not discussed here.
The obtained results reveal that good quality control was obtained in Mode 1, when the ship made use of the multivariable precision controller. On the other hand, relatively poor quality control was observed in Mode 3, when the control covered a fairly wide range of surge speeds and its task was to minimize the lateral deviation from the required trajectory. This task was performed by Controller 3, which is a linear controller designed based on the linearized mathematical model of ship dynamics at speed u 0 = 0.5 (m/s). When the ship sailed along the predetermined trajectory section, side deviation oscillations were observed, which made maintaining the set surge speed by the ship more difficult. This deterioration in control quality along a given trajectory segment was more clearly visible when changing the ship speed to lower values. 
